When Erwin Schrödinger conceived his famous *Gedankenexperiment* on the non-deterministic quantum mechanical nature of cats, he may have intuited that quantum superpositions, entanglement and oscillations between eigenstates are fundamental to many aspects of life. Indeed, magnetoreception in several avian species[@b1] and insects[@b2] has been proposed to arise due to photoinduced radical pair formation, where spin permutation symmetry becomes more sensitive to external magnetic fields the longer the radical spins preserve their phase coherence[@b3]. Ultimately, the pairs recombine to trigger a biochemical reaction, where the recombination rate is thought to be spin dependent. Room-temperature coherence of spin pairs on the timescale of hundreds of microseconds has been invoked to explain extraordinary magnetosensitivity on the microtesla scale[@b3][@b4]. The nature of the underlying radical pair mechanism[@b5] can be tested by a variety of experiments, the most elegant being the electromagnetically induced disorientation of birds as they are exposed to radiofrequency waves resonant with the radical pair Zeeman splitting induced by Earth\'s magnetic field[@b1].

Yet while impressive progress has been made in studying the radical pair mechanism in reaction yields of natural and biomimetic solution-based systems[@b6], an intriguing corollary offers itself in terms of spin-dependent electron--hole recombination in organic semiconductors[@b7]. In contrast to solution-based systems, spin coherence phenomena can be read out electrically, in miniscule volumes of materials, which enhances the magnetic field homogeneity in spin resonance spectroscopy. Electrically detected pulsed electron spin resonance (ESR) can be carried out at arbitrary Zeeman splittings (*B*~0~ field strengths), provided the strength of local hyperfine fields is exceeded[@b8], a condition not strictly met under theories for magnetoreception in Earth\'s field. For charge-carrier spin pairs in organic semiconductors, this approach has revealed coherent spin dephasing times of order 1 μs at room temperature in spin-echo experiments[@b9], coherent spin-Rabi oscillations in the device current[@b7] and even coherent spin beating when both pair partners are in resonance with the driving electromagnetic field[@b10]. The crucial aspect of the radical pair process which has not been addressed yet relates to the magnetic interaction of one spin species with the other: how does the magnetic field of spin a influence the precession of spin b in an external magnetic field (see Fig. 1 for detailed discussion)? This correction to spin precession, in effect a zero-field splitting term, arises due to both dipolar and exchange interactions, which decrease strongly with carrier separation. Crucially, this energetic splitting places a lower limit on the spatial extension of the entangled spin state---the size of 'Schrödinger\'s cat\' or, for the pair systems considered, the distance of the pair partners. Dipolar coupling lifts the degeneracy of singlet and triplet spin configurations, and has recently even been demonstrated to be detectable on the micrometre length scale in trapped ion systems[@b11], where spin coherence times can exceed seconds.

This study shows that the simple device current of a polymer diode can contain such information on spin entanglement of site-separated spins. We employ the widely used conducting polymer PEDOT:PSS as the active material due to its comparatively low density of hydrogen nuclei from which carriers are shielded effectively. At low temperatures, when the acceptor sites bind mobile holes, conduction gives way to a semiconducting state possessing conventional diode-like rather than Ohmic current--voltage characteristics. We use very short (ns range), powerful (kW range) coherent microwave pulses to coherently drive magnetic resonant spin-Rabi nutation in the carrier-pair spin manifold and monitor the resulting oscillation of free charge-carrier density in the device. Such an experiment is known as pulsed electrically detected magnetic resonance (pEDMR)[@b12][@b13]. Spin-beat oscillations of the Rabi nutations of the two charge carriers develop as each partner of the coupled pair is coherently but differently driven in the resonant electromagnetic field. This beat oscillation leads to an effective doubling in precession frequency. The spin--spin interaction strength due to exchange and magnetic-dipolar coupling becomes quantifiable by measuring the precise variation in Rabi beat frequencies while detuning the system from its resonance condition. The exact quantification of the precession frequency components under detuning has previously been hampered by the significant hyperfine interactions common to organic semiconductors. This limitation necessitates an appropriate choice of material system for unambiguously demonstrating the use of detuned spin-beat Rabi oscillations as a spectroscopic technique to quantify zero-field splitting within the pair. Here we use two methods to constrain the spin--spin interaction strengths: first, through comparison of our measurements with the analytical solution for correlated spin-pair precession in the limit of weak coupling (that is, *J*=*D*=0, with *J* the exchange energy and *D* the dipolar coupling); and second, by comparing the measured deviation from the weak coupling limit with an accurate numerical simulation for finite coupling within the pair. This analysis results in separate constraints for both the exchange (\|*J*\|\<30 neV) and dipolar (\|*D*\|=23.5±1.5 neV) coupling energies, which contribute to the total spin--spin interaction energy. The mutual coupling of these spins yields a magnetic field correction of order 200 μT (depending on the limit taken on the exchange interaction). Crucially, this zero-field splitting influences the ultimate limit on the sensitivity of radical pair-based magnetometers[@b8]. By considering the dipolar portion of this splitting alone, a mean intercharge separation of 2.1±0.1 nm is implied, describing the distance over which carrier-pair entanglement persists. Our approach demonstrates the applicability of state-of-the-art spin resonance techniques to provide microscopic quantitative insight into spin-dependent transitions in the conductivity of organic semiconductors. This demonstration provides an expansion of the spectroscopic base of 'organic spintronics\' where conventional spectroscopic tools in spintronics, such as the magneto-optic Kerr effect or inductively detected magnetic resonance spectroscopy, cannot be applied[@b14].

Results
=======

Electrical detection of coherent spin beating
---------------------------------------------

pEDMR is an ESR-based experiment where only spin resonant transitions are observed which control, directly or indirectly, the conductivity of a material[@b12][@b13]. As pEDMR is insensitive to magnetic resonance effects of spin states that do not affect conductivity, the current-detected spin-resonance signals on PEDOT:PSS reported here arise exclusively due to spin-dependent processes involving charge carriers. Therefore, since the data discussed in the following shows the characteristic spin motion of weakly coupled spin-½ carrier pairs, the signals must be due to charge-carrier pairs. As in conventional ESR, the quantization axis is defined by a static external magnetic field, *B*~0~, establishing a Zeeman energy eigenbasis. Besides *B*~0~, the spin-pair eigenstates depend on the coupling interactions within the pair (that is, spin-exchange, *J*, and magnetic-dipolar, *D*, as illustrated in [Fig. 1a](#f1){ref-type="fig"}) and local nuclear spin interactions (the magnetic fields generated by the abundant protons, the hyperfine fields). Resonant transitions between the four eigenstates of a spin-½ pair can be induced by an oscillating driving field, *B*~1~, aligned perpendicular to the static field, when the microwave frequency (*ω*~MW~/2*π*≈9.7 GHz for *B*~0~≈340 mT) corresponds to the Zeeman energy term. Although continuous-wave microwave fields are sufficient for driving these transitions[@b15][@b16][@b17], the application of pulsed fields provides access to additional information, such as spin and charge relaxation rates[@b9][@b18], spin--spin coupling strengths[@b19][@b20] and the charge-nuclear spin-hyperfine interaction[@b10][@b21]. Such coherent state manipulation requires a microwave pulse duration, *τ*, which is shorter than the dephasing time, *T*~2~, of the state being probed, opening possibilities for quantum control of macroscopic observables such as the current, as well as more general applications in quantum-information processing[@b22][@b23][@b24].

The observable for such coherent spin manipulation is the total charge, *Q*, arising from carrier pairs occupying a particular eigenstate after a driving time, *τ*, and is acquired by integration of the current transient following excitation (see Methods and ref. [@b13]). A straightforward demonstration of coherent control of eigenstate population is through the continuous driving of a spin transition between two eigenstates, that is, Rabi nutation[@b7][@b10][@b13][@b23][@b25][@b26][@b27]. The nutation frequency, Ω~R~, of this oscillation depends on the system\'s spin Hamiltonian[@b28][@b29][@b30][@b31] (see [Supplementary Note 1](#S1){ref-type="supplementary-material"}) and the magnitude of the driving field, *B*~1~ (refs [@b10], [@b13], [@b21], [@b25], [@b26], [@b27], [@b32]). As the eigenstates are defined, in part, by the magnitudes of *J* and *D*, the general expression for the nutation frequency between eigenstates of the system is sensitive to these spin coupling parameters[@b28][@b29][@b30][@b31]. We begin by considering the analytical expression for Rabi nutation in the weak coupling limit and in the absence of any hyperfine distribution,

that is, the case when \|*J*\|+\|*D*\|≪Δ*ω*~L~, where is the difference in Larmor frequency for each charge a, b with γ~a,b~ their respective gyromagnetic ratios, as marked in [Fig. 1c](#f1){ref-type="fig"} (refs [@b28], [@b29], [@b30], [@b31], [@b32]). For our model system, this is an appropriate condition for the weakly interacting carriers confined to localized sites within PEDOT:PSS[@b33]. Previous studies have tested the linear dependence of this relation on *B*~1~ field strength in organic light-emitting diodes driven on-resonance (that is, for )[@b7]. Under these conditions, it was confirmed that the fundamental Rabi frequency scales as Ω~R~=γ*B*~1~ when the driving field was selective for a single carrier within a weakly spin-coupled pair[@b7]. Further, by increasing *B*~1~ such that both carriers of the pair are driven (as described in [Fig. 1b](#f1){ref-type="fig"}), a harmonic Rabi frequency emerges, behaving as (refs [@b10], [@b14], [@b21], [@b26]). Observation of this harmonic in combination with the fundamental Rabi frequency implies that the magnetic resonance feature observed arises from a weakly coupled pair.

In the following, we probe the effect of detuning *ω*~MW~−*ω*~L~ in [equation (1)](#eq1){ref-type="disp-formula"}, the result of which is sketched in [Fig. 1c--e](#f1){ref-type="fig"}. The frequencies and intensities of the Rabi oscillation components depend on detuning as determined by the spin Hamiltonian of the charge-carrier pairs and thus on spin coupling within the pairs. Panel (f) depicts the hyperbolic dependence of the Rabi frequency components (equation (1)) as a function of detuning for the case of weak spin--spin coupling. In the presence of finite coupling energies, the linear sum of fundamental Rabi frequencies producing the harmonic is modified by an offset *Δ*, which is a function of *J* and *D*. Unlike the fundamental Rabi oscillation components Ω~a~ and Ω~b~, *Δ* is independent of the signs of J and D. Thus, as *Δ* depends on the magnitudes \|*J*\| and \|*D*\|, it serves as a direct observable of the spin--spin interaction energy.

Material system
---------------

To reveal the detuning of Rabi oscillations, minimal inhomogeneous broadening of the resonance line is crucial. The interaction of charge-carrier spins with local hyperfine fields, *B*~hyp~, primarily generated by hydrogen nuclei, is well documented for organic semiconductors[@b10][@b21] and is presumed to be the origin of some of the intriguing magnetic field effects unique to these material systems[@b34][@b35][@b36]. Typically of order 1 mT, these local *B*~hyp~ fields serve to screen the effect of *B*~0~, causing a Gaussian distribution of fields, *G*(*B*~0~, *B*~hyp~), to be experienced by the ensemble of paramagnetic moments being probed by spin resonance. This field distribution directly translates to Gaussian disorder in the Larmor frequencies of the ensemble, (ref. [@b10]) which, in turn, broadens the range of Rabi frequencies observed under detuning off-resonance[@b37] (see further discussion in [Supplementary Note 2](#S1){ref-type="supplementary-material"}). This disorder has masked the effect of detuning in previous pEDMR studies such as of poly\[2-methoxy-5-(2′-ethylhexyloxy)-p-phenylene vinylene\] (MEH-PPV)[@b27], which is illustrated in [Supplementary Fig. 1](#S1){ref-type="supplementary-material"}. In contrast, the π-conjugated thiophene chains in PEDOT are heavily p-doped to support hole transport and are stabilized by ions in the PSS, which itself does not contribute to charge transport[@b33]. The ratio of the hydrogen fraction between monomers of PEDOT and MEH-PPV is 1:12, with the actual hyperfine field strength highly dependent on the molecular geometry and the electron wavefunction[@b38]. The conductivity of PEDOT:PSS thin films drops strongly from room temperature to 5 K (refs [@b39], [@b40]), where it exhibits semiconductor characteristics[@b41]. Holes are localized to PEDOT domains within the PSS matrix due to limitations in thermally activated hopping transport[@b33][@b40][@b42]. [Figure 2a](#f2){ref-type="fig"} compares the pEDMR resonance linewidths of MEH-PPV and PEDOT:PSS at 5 K. The wider distribution present in MEH-PPV is due to significant hyperfine broadening of order 1 mT (refs [@b8], [@b10], [@b21], [@b43]). The PEDOT:PSS spectrum, on the other hand, is nearly three times narrower, indicating a reduction in *B*~hyp~ by at least the same factor. Note that without measuring the resonance linewidth as a function of both *B*~0~ field and microwave frequency, we cannot differentiate hyperfine broadening from broadening due to a distribution in *g*-factors of the charge-carrier spins, which arises due to spin--orbit coupling[@b8]. Thus, the hyperfine fields in PEDOT:PSS may be even smaller than what the linewidth in [Fig. 2a](#f2){ref-type="fig"} indicates. [Figure 2b](#f2){ref-type="fig"} establishes that we measure these spectra in a regime not influenced by power broadening from the microwave *B*~1~ field since the linewidth saturates at low *B*~1~. We note that identifying polymer-based semiconductors that exhibit such narrow resonances is critical for magnetometry applications utilizing organic semiconductors, for which magnetic field resolution is proportional to linewidth[@b8].

Fundamental and harmonic Rabi oscillations under detuning
---------------------------------------------------------

pEDMR reveals the perturbation of the device current following resonant microwave excitation. The device current is governed by a multi-rate transient as described in the Methods, which arises from spin-dependent carrier-pair dissociation and recombination[@b18][@b44]. [Figure 2c](#f2){ref-type="fig"} shows an example of such a transient of current change from the steady state. The initial enhancement of the current over the first 25 μs is followed by a longer-term (∼600 μs) quenching, which reflects the return to steady state after a resonant population transfer between singlet and triplet eigenstates[@b18][@b31]. Observation of coherent state manipulation requires time integration over the shaded area, giving the total charge, *Q*(*τ*), involved in the resonant transition during the driving time *τ*. Measuring *Q* on-resonance while applying microwave fields whose *B*~1~ is in excess of the average Larmor separation, 〈Δ*ω*~L~(*B*~0~, *B*~hyp~)〉 (refs [@b10], [@b21], [@b37]), leads to Rabi oscillations at the fundamental and the harmonic frequency as shown in [Fig. 3a](#f3){ref-type="fig"}. Note that [Fig. 3](#f3){ref-type="fig"} displays a baseline-corrected charge Δ*Q*, that is, a second-order polynomial fit function to the raw data *Q* was subtracted from *Q*. This baseline subtraction was introduced solely for improved visualization of the fine structure in Rabi frequency. Since this correction causes a misrepresentation of the low-frequency contributions of the measured data, the quantitative analysis discussed in the following ([Fig. 4](#f4){ref-type="fig"}) was conducted on the raw data *Q*; the correction procedure and the raw data are given in [Supplementary Note 3](#S1){ref-type="supplementary-material"} and [Supplementary Fig. 2](#S1){ref-type="supplementary-material"}. [Figure 3a](#f3){ref-type="fig"} shows that a spin-beat oscillation is maintained for over 20 cycles and 700 ns, indicating that damping of Rabi oscillations in this system is fundamentally restricted by the spin coherence time, *T*~2~, rather than . We measured this dephasing time to be 342±2 ns using the spin-echo technique described previously[@b9]. The presence of both a fundamental Rabi oscillation and a harmonic feature confirms that the species probed is a spin-½ charge pair[@b29][@b30][@b31][@b32]. In addition, we are able to resolve the spin-beat difference oscillation (at \|*ω*~a~−*ω*~b~\|) in the Fourier transform, as discussed below (see, for example, the peak close to the origin in [Fig. 4a](#f4){ref-type="fig"}). This difference-beat oscillation is masked in MEH-PPV by the strong hyperfine fields[@b10][@b27]. The beat oscillation disappears for small *B*~1~ driving fields (data not shown), implying that the pair is weakly exchange coupled[@b10][@b21][@b25][@b26]. To estimate the relative magnitude of interpair spin coupling, spin beats must be measured while detuning *B*~0~ since the characteristics of off-resonance oscillation frequency components uniquely fingerprint these interactions[@b28][@b29][@b30][@b32].

[Figure 3b](#f3){ref-type="fig"} demonstrates the effect of detuning at an off-resonance *B*~0~ field. Off-resonance, a single frequency dominates the oscillation. While the *B*~1~ field is the same as in panel (a), the excitation field no longer drives both carriers. In addition, the Rabi frequency increases, as expected from the analytical expression for a weakly coupled spin pair ([equation (1)](#eq1){ref-type="disp-formula"}). The continuous dependence of spin-beat oscillations on detuning is revealed in [Fig. 3c](#f3){ref-type="fig"} by measuring *Q*(*τ*, *B*~0~) above and below resonance.

Quantitative insight into spin--spin coupling comes from Fourier transformation of the time evolution data, making the Rabi frequency components explicit as a function of detuning. [Figure 4a--c](#f4){ref-type="fig"} shows the real part of the Fourier transform *FT*\[*Q*(*τ*, *B*~0~\], from the raw data *Q* used to plot the baseline-corrected data Δ*Q* in [Fig. 3a--c](#f3){ref-type="fig"}. In [Figure 4a](#f4){ref-type="fig"}, three peaks are seen. The on-resonance fundamental frequency is resolved at 28.9 MHz. The harmonic appears at 58.2 MHz, approximately double the fundamental. This doubling is expected for a strongly driven, weakly coupled spin-½ system, where Ω~R~=*γB*~1~ for the single-spin resonant process, and Ω~R~≈2*γB*~1~ when resonance occurs for both pair partners, as implied by the scheme in [Fig. 1b](#f1){ref-type="fig"}. Since the low-frequency peak in the Fourier transform, arising due to the beating at the Rabi frequency difference (\|*ω*~a~−*ω*~b~\|), is limited in resolution by the bandwidth of the experiment, we do not discuss this peak further. Fundamental and harmonic components increase in frequency with detuning off-resonance, as exemplified in panel (b). The full detuning dependency is shown in panel (c); two hyperbolas are resolved, corresponding to the detuning of fundamental and harmonic oscillations. The slope of the higher-harmonic hyperbola is approximately twice that of the fundamental, as expected from summing [equation (1)](#eq1){ref-type="disp-formula"} over the two carriers.

Measuring spin-interaction energies with Rabi detuning
------------------------------------------------------

We simulate the detuning behaviour under the given experimental conditions by employing a stochastic Liouville formalism[@b28][@b30][@b31][@b32][@b37] (see Methods). The agreement between measurement and simulation, shown in [Fig. 4d](#f4){ref-type="fig"}, is striking, with the primary difference being that the measured data have a reduced frequency resolution due to the finite coherence time of the spin system probed. The specific detuning behaviour allows us to constrain the zero-field splitting parameters *J* and *D* since these directly control the Rabi frequency components on detuning[@b28][@b29][@b30][@b31] (see, for example, [Fig. 5c](#f5){ref-type="fig"}). Note that hyperfine interactions can be neglected in the spin Hamiltonian used for this simulation since exchange and dipolar interactions are properties of the mutually coupled pair irrespective of the individual hyperfine field experienced by the pair partners. In addition, the spin--orbit interaction is implicitly accounted for by using the measured difference in *g*-factor for the pair (see [Supplementary Note 4](#S1){ref-type="supplementary-material"} and [Supplementary Fig. 3](#S1){ref-type="supplementary-material"}), which enters the spin Hamiltonian of the pair system as a Larmor separation as indicated in [Fig. 1c](#f1){ref-type="fig"} (refs [@b30], [@b32]).

The effect of small yet finite *J* and *D* in this system can be understood by comparison with the analytical theory for spin-dependent rates controlled by Rabi frequency detuning in the weak coupling limit (see refs [@b29], [@b31], [@b32]), as shown in [Fig. 5a](#f5){ref-type="fig"}. The frequency components at each *B*~0~ (that is, the peaks in [Fig. 4a,b](#f4){ref-type="fig"}) are extracted with Lorentzian fits since the frequency resolution of the Fourier transform is below the natural linewidth[@b45]. Black and red data points give Ω~R~ for the fundamental and harmonic oscillation frequency, respectively. The blue line shows the result of computing the analytical function, [equation (1)](#eq1){ref-type="disp-formula"}, for the harmonic, using only measured parameters and no free variables[@b29][@b31][@b32]. [Fig. 5b](#f5){ref-type="fig"} shows the difference *Δ* between measured and analytically obtained harmonic frequencies. This difference of *Δ*=630±60 kHz is determined by the fine structure, the result of non-negligible spin--spin interactions within the pairs. In the absence of an analytical expression for *Δ*(*J*, *D*) to compare this observation to, we take the stochastic Liouville formalism to numerically model the system. By focusing on the harmonic frequency shift for a large set of combinations of *J* and *D* values for the on-resonance case, the subset of combinations of *J* and *D* values is determined, which matches the experimental data. [Figure 5c](#f5){ref-type="fig"} shows the results for this systematic variation of *J* and *D* energies, indicating only those combinations that lead to the experimentally observed *Δ*. Although the harmonic undergoes a positive frequency shift for all relative sign combinations of *J* and *D*, its dependence on these parameters is non-linear for small values of *J* and *D* (see [Supplementary Note 1](#S1){ref-type="supplementary-material"} and [Supplementary Fig. 4](#S1){ref-type="supplementary-material"} for further discussion).

This analysis only considers the combinations of *J* and *D* that give rise to the observed shift in harmonic frequency, but spin--spin interaction also affects the fundamental Rabi frequency. Much stricter bounds on the magnitudes of *J* and *D* are found by considering the detuning behaviour of all frequency components for each of the combinations shown in [Fig. 5c](#f5){ref-type="fig"} and eliminating cases which exhibit strong divergence (see [Supplementary Note 6](#S1){ref-type="supplementary-material"} and [Supplementary Figs 5--7](#S1){ref-type="supplementary-material"}). The combinations of *J* and *D* in panel (c) that are eliminated in this way have been greyed out, while those that reproduce all experimentally observed frequency components are marked in red. The resulting values of exchange and dipolar interaction strengths are then narrowed to \|*J*\|\<30 neV and \|*D*\|=23.5±1.5 neV. The total spin--spin interaction energy, \|*J*\|+\|*D*\|, within the spin-pair then yields a magnetic field correction of order 200 μT, depending on the limit of the exchange. As a consequence of the low error in measuring *D*, the average intrapair separation distance is calculated[@b20] to be 2.1±0.1 nm (see [Supplementary Note 7](#S1){ref-type="supplementary-material"}). This value constitutes the average spacing between two carriers whose spin wavefunction remains quantum mechanically entangled so as to lift the degeneracy between singlet and triplet pair states. The existence of such coherent interactions between distinct carriers for a pair and the resulting entanglement, which potentially occurs between intermolecular species, has previously been speculated on following measurements of photoinduced charge transfer in bulk heterojunctions using the transient Stark effect[@b46][@b47].

Discussion
==========

PEDOT:PSS, although an unlikely candidate owing to its room-temperature conductivity[@b39], has proven to be the best-suited organic conductor material system as yet for exploring the intricate coherence phenomena affecting spin-dependent reactions in molecular systems. As the detailed behaviour of these coherence phenomena is fundamentally governed by the magnitude and type of spin--spin interactions, we are able to use detuning in the spin-pair Rabi oscillation as a spectroscopic method of quantifying the spin interaction energy as well as carrier-pair separation. We stress that these results are indifferent to the actual charge state of the carrier-pair system (that is, bipolar or unipolar). Owing to the heavy oxidation state of the hole-transporting PEDOT and the lack of charge transport within PSS, one may be tempted to assign the pair process observed to unipolar hole-bipolarons. These may conceivably exist in adjacent PEDOT domains separated by an intervening PSS layer that partially screens the Coulombic repulsion between like particles, and could arguably contribute to conductivity in a multi-rate current transient under pEDMR. However, the fact that the PEDOT:PSS pEDMR resonance is entirely blocked by depositing MEH-PPV on top, within an organic light-emitting diode geometry[@b7][@b10][@b12][@b27], speaks strongly against a unipolar hole-hole process occurring in the measurements discussed here. Another possibility is that we monitor a spin blockade effect within PEDOT domains, moderated by the ionic stabilization between PEDOT and PSS. This situation would effectively constitute an electron--hole polaron pair. From the dramatic reduction in conductivity at low temperature, however, it is also conceivable that both electron and hole are injected directly into the polythiophene chains, giving the familiar bipolar polaron-pair process. Such a bipolar pair process was recently even observed in neat C~60~ films, although fullerenes are considered, like PEDOT:PSS, to be prototypical unipolar conductors[@b14].

The measurement of fine-structure splitting in Rabi flopping presented here constitutes a highly sensitive spectroscopy technique with a rigorous theoretical basis[@b28][@b29][@b30][@b31][@b32][@b48] that is equally amenable to observables other than electrical current, such as luminescence[@b21][@b49]. The comprehensive access to quantitative parameters of the radical pair mechanism offers a powerful methodology for exploring spin-coordinated states of both organic[@b10][@b21][@b27] and inorganic[@b25][@b49] systems. It is therefore ideal for determining metrics to describe complex phenomenological effects, such as organic magnetoresistance[@b36][@b50][@b51]. We anticipate that the technique presented here could be particularly helpful in characterizing the spin-dependent transport mechanisms in nominally unipolar materials, which can show magnetoresistance in excess of 2,000% (ref. [@b34]). In addition, this technique is potentially relevant to the spin chemistry of avian magnetoreception[@b52][@b53] since its applicability has no fundamental lower magnetic field limit. It could conceivably be used in combination with conventional optical probes of the radical pair mechanism in reaction-yield detected magnetic resonance close to zero external magnetic field[@b54].

Methods
=======

Device fabrication
------------------

Pulsed EDMR samples were designed as thin-film devices of a geometry accommodated by the 5 mm Bruker Flexline pulsed ESR microwave resonator[@b12]. PEDOT:PSS devices consisted of ITO/PEDOT:PSS/Al layers. The PEDOT:PSS layer was spin coated in ambient conditions at 2,000 r.p.m. This film was then dried on a hot plate set to 200 °C for 5 min. A thermal evaporation unit incorporated into an N~2~ atmosphere glovebox was then used to deposit 150 nm aluminium electrodes under a working vacuum pressure below 10^−6^ mbar. MEH-PPV devices were made of layers of ITO/PEDOT:PSS/MEH-PPV/Ca/Al with PEDOT:PSS and the Al top electrode prepared analogously to the PEDOT:PSS devices. MEH-PPV was spin coated from toluene at 1,500 r.p.m. inside the glovebox. Commercial PEDOT:PSS material was obtained from H.C. Starck (Clevios 650), and the MEH-PPV dry polymer from American Dye Source (ADS100RE). MEH-PPV solutions were made at a 7 mg ml^−1^ concentration by dissolving in toluene.

pEDMR spectroscopy
------------------

Changes in current reveal magnetic resonant modifications of the spin of paramagnetic electron states which impact the free carrier density. Under coherent spin excitation, spin states are altered during the very short applied pulse[@b12][@b13]. The spin-dependent electronic transition rates whose dynamics take place on timescales in excess of the pulse lengths are, therefore, abruptly changed. Long after the end of the pulse (on micro- to millisecond timescales), the modified spin-dependent rate will eventually return to its natural steady state. This electronic relaxation process takes place exponentially for each spin-pair eigenstate and the macroscopic superposition of the different rates is therefore described by a multi-exponential transient. Gliesche *et al*.[@b30] showed that the charge *Q* obtained from a partial integration of this current transient represents the change of the density matrix element of the *i*-th eigenstates from its steady state, , when the integration interval overlaps significantly with the corresponding electronic relaxation transient of this state. The measurement of *Q*(τ) as a function of the pulse length τ therefore reveals the dynamics of during coherent excitation[@b31]. Additional information regarding the technique is available in [Supplementary Note 8](#S1){ref-type="supplementary-material"}.

Experimental set-up
-------------------

All pEDMR measurements were conducted using a Bruker Elexsys E580 pulsed EPR spectrometer with electrical access to samples within the microwave resonator. Devices were operated at T=5K at a constant bias (∼1.2 V for PEDOT:PSS, ∼12 V for MEH-PPV). During magnetic resonance, the small changes to current were first amplified with an SR-570 low-noise current preamplifier with a bandwidth of 100 Hz--1 MHz. This amplified signal was recorded by a 250 Megasamples s^−1^, 8-bit digitizer within the Elexsys spectrometer (Bruker SpecJet). Custom control sequences programmed into the EPR control software (Xepr) coordinated the microwave pulse scheme, data acquisition and sequential shot averaging. Measurements of resonance linewidth and time dynamics required averaging over 10,240 shots, with a shot repetition period of 510 μs. To prevent any coherent modulation artefacts of the resonance lineshape, linewidth measurements required microwave pulse lengths of 4 μs to measure within the quasi-cw regime. As outlined in [Supplementary Note 4](#S1){ref-type="supplementary-material"} and shown in [Supplementary Fig. 3](#S1){ref-type="supplementary-material"}, a double-Gaussian fit of the non-power-broadened resonance lineshape was applied for each point in the time domain, allowing precise measurement of the relative Larmor separation between the two spin-½ carriers (that is, the difference in *g*-factors, Δ*g*=1.53 × 10^−4^±5 × 10^−6^). Note that in spite of the minute *g*-factor difference Δ*g* between pair partners, the pairs are still in the weak coupling regime since random hyperfine field induced differences between the pair partners\' Larmor frequencies are significantly above the Δ*g* induced differences as well as the exchange and dipolar coupling (as indicated in [Fig. 1c](#f1){ref-type="fig"}). Coherent measurements of *Q* were performed with minimal microwave attenuation, resulting in *B*~1~=1.028±0.004 mT, and averaged over 1,024 shots. The resolution in microwave pulse length is 2 ns.

Numerical solutions to the stochastic Liouville equation
--------------------------------------------------------

The numerical simulation of [Fig. 4d](#f4){ref-type="fig"} was generated under the assumption of negligible exchange and dipolar interaction within the pair, following the superoperator algorithm described by Limes *et al*.[@b28] The resonance parameters for the particular simulation of the measured PEDOT:PSS Rabi-nutation signals were obtained from a double-Gaussian fit of the non-power-broadened resonance lineshape shown in [Fig. 2a](#f2){ref-type="fig"} along with an experimentally known *B*~1~ field strength. This same algorithm was used for the simulation of on-resonance Rabi oscillation components in presence of finite exchange and dipolar interactions within the pairs as well as to determine bounds on *J* and *D*. Further details of this analysis are given in [Supplementary Notes 5 and 6](#S1){ref-type="supplementary-material"}.
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![Probing carrier-pair spin--spin interactions by resonantly driving harmonic Rabi oscillations.\
(**a**) Spin--spin interactions within charge-carrier pairs arise from spin-exchange *J* and magnetic-dipolar coupling *D*. (**b**) Under magnetic resonance conditions, a weak oscillating driving field *B*~1~ forces the spin state of a single charge carrier into precession, while the pair partner at a shifted Larmor frequency is out of resonance and therefore left unperturbed. In contrast, when a strong driving field is applied, which exceeds the pair\'s average Larmor separation, both carriers oscillate simultaneously (**c**), producing a beat oscillation (the harmonic) within the pair. This spin beating is reflected in the measured current by spin-dependent charge carrier transitions (recombination and dissociation). As the static magnetic field, *B*~0~, which induces Zeeman splitting of the spin states, is detuned away from magnetic resonance of either pair partner (**d**,**e**), both the fundamental and the harmonic of the Rabi oscillation frequencies shift according to [equation (1)](#eq1){ref-type="disp-formula"}. (**f**) When spin--spin coupling is non-zero, the harmonic of the Rabi frequency acquires an additional shift *Δ* that depends on *J* and *D*.](ncomms7688-f1){#f1}

![Intrinsic pEDMR spectral linewidth of two conducting polymers with different hyperfine nuclear--electronic coupling strengths.\
(**a**) pEDMR lineshapes of MEH-PPV (orange) and PEDOT:PSS (black), at 5 K for an applied microwave field with frequency *f*~MW~=9.72691 GHz. PEDOT:PSS has a lower hydrogen content, reducing the effective hyperfine field and narrowing the resonance. (**b**) pEDMR linewidths as a function of microwave driving field, *B*~1~, demonstrating the absence of microwave power broadening for the spectra in **a**. The data points corresponding to the spectra in **a** are indicated by red circles. At larger *B*~1~ fields, power broadening sets in. (**c**) Transient dynamics following resonant excitation. The change in current is proportional to the time evolution of eigenstate density operators during the microwave pulse, with the number of resonant charges monitored by integration of these time dynamics, as discussed in the Methods. This integrated current, *Q*, is recorded as a function of *τ*, *B*~1~ and *B*~0~.](ncomms7688-f2){#f2}

![Time evolution of Rabi spin-beat oscillations as a function of *B*~0~-detuning.\
The data displayed represents the baseline-corrected charge Δ*Q* as a function of the applied pulse length *τ* and the static magnetic field *B*~0~ for a radiation pulse of frequency *f*~MW~=9.73660 GHz and amplitude *B*~1~=1.028±0.004 mT. The data reveal driven Rabi nutation between eigenstates of the spin-pair system through a relative change in the number of charges contributing to the device current as a function of microwave pulse length, *τ*. (**a**) Rabi oscillation for a spin pair on resonance, showing beating close to the second harmonic of the fundamental. The beat oscillation is only observed when the driving field, *B*~1~, is larger than the average difference in Larmor separation of the two carriers in the pair, which is determined primarily by hyperfine interactions. (**b**) Rabi oscillation of the spin pair for significant detuning, where only a single spin is driven by the microwave field. (**c**) Oscillations as a continuous function of detuning showing the corresponding change in spin beating and the shift in Rabi frequency. Blue and red arrows indicate the cross-sections shown in **a** and **b**, respectively.](ncomms7688-f3){#f3}

![Rabi spin-beat oscillations as a function of *B*~0~-detuning in the frequency domain.\
(**a**) Rabi frequency components in the on-resonance raw data of [Fig. 3a](#f3){ref-type="fig"} obtained from the Fourier transform of the total charge *Q* (that is, not the baseline-corrected data Δ*Q* displayed in [Fig. 3](#f3){ref-type="fig"}). The harmonic is about twice the fundamental frequency, confirming the presence of a strongly driven pair process, where both spins are resonant in the *B*~1~ field. A frequency peak due to the difference-beat oscillation is also observed close to the origin. (**b**) Frequency components under detuning off resonance (obtained from the raw data *Q*). Fundamental and harmonic shift to higher frequencies under detuning, with the intensity of the harmonic diminishing as only one carrier remains strongly driven. (**c**) The relative change in frequency and amplitude for continuous detuning. (**d**) Simulation based on the stochastic Liouville formalism, utilizing the radical pair spin Hamiltonian given in [Supplementary Note 1](#S1){ref-type="supplementary-material"}.](ncomms7688-f4){#f4}

![Deviations of measured spin-pair nutation harmonic frequency from the analytical description allowing for intrapair spin--spin interaction strength and intercharge separation to be quantified.\
(**a**) Frequency peaks for the detuning dependency of the fundamental (black) and harmonic (red) frequency components, plotted in [Fig. 4c](#f4){ref-type="fig"}. The blue line shows the analytical solution for the Rabi frequency of a driven pair of weakly coupled spin-½ carriers (that is, for negligible zero-field splitting), given their measured Larmor separation and the known driving field *B*~1~ as parameters (see refs [@b29], [@b31], [@b32]). (**b**) Difference, *Δ*, between measured and computed analytical harmonic frequency as a function of detuning. Since on-resonance, *Δ*, is a function of exchange *J* and dipolar coupling strength *D*, it allows for a direct determination of the intrapair spin--spin interaction strength. (**c**) Numerical simulation of intrapair spin--spin interaction strength. Plot of possible combinations of *J* and *D* that give rise to a shift of the harmonic oscillation frequency in agreement with the measured value *Δ*. By further simulating the detuning behaviour of all frequency components for each of these combinations and eliminating cases that strongly diverge from observation (grey), bounds are placed on the magnitudes of *J* and *D* (red), yielding \|*J*\|\<30 neV and \|*D*\|=23.5±1.5 neV (see associated discussion in [Supplementary Notes 5 and 6](#S1){ref-type="supplementary-material"}). Error bars in the simulation arise from the experimental uncertainty in *Δ* of 60 kHz. Vertical error bars denote simulations where *J* is fixed and *D* is varied, and vice versa for horizontal error bars.](ncomms7688-f5){#f5}
